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kBSTRACT

Tight sa formations, because of their peculiar characteristics,
io not conform to the well established behavioral patterns normally
msociatcd with conventional natural gas resemoirs. These attributes
of tight sands render the conventional reservoir models inadequate
when applied to tight sands. It is widely projected that gas resources
tvailablc in r.hcseright formations, which in the Western United States
alone stands at about 5,703 Trillion Cubic Feet, may be the
:omcrsmnc of the future energy sufficiency of tlds country. It is also
believed that the major botrlencck in the development of these
resources .. the lack of understanding of the fluid dynamics in these
formations. It is therefore imperative to evolve a good model based on
a fundamental understanding of the rather unique physics of flow in
W media. A very important unconventional characteristic of tight
formations is its dual-porosity nature in the form of micro/maeropore
structure and the pressure-field, concentration-field driven flow
potentials imposed on the systcm. ‘fMs physics calls for the use of
dual-porosity, multi-mechanistic approach for the description of the
transport of natural gas in these formation.%Such a model is presented
here. Both synthetic and actual field examp~es are used to illustrate
the predictive capability of the model. Results show that me
conventional single-mecharristic approach tends to under-predict
recovery, They also demonstrate that the dual-mechanistic approach is
of the essence.

%<.

INTRODUCTION

The Western United States has an abundance of natural gas
reserves in tight (low-permeability) formations, The current e;timaie of
these reserves is approximately 5,703 Trillion Cubic FeeI.j and a
de[ailcd resource study2 for the Piecancc basin estimates 420 Trillion
Cubic Feet for that basin alone, thereby making tight gas a possible
major contributor to the country’s future energy needs. The
development of thk resouree, however, has been limited, primarily
because of an inadequate understanding of the fluid flow dynamics
itssociatcd with tight formations. Without this understanding, future
attempts at developing practical and economical exploitation
technology will ctiiltinue to yield inadcqtt:te lCVCISof success.

References and illustrations at end of paper.

T]ght gas sands, because of their peculiar characteristics, &I not
conform to the well established behavior patterns of conventional gas
rcaervoirz, hence their classification as unconventional WXWim. It is
pcrccivcd that onc important and peculiar characteristic of the tight
formation is its dual-porosity nature, i.e., the existence of both
macropsrcs and micropores within the system. The micropmes am
believed to constitute Jw primary pore within the porous formation
and, because of their molcctdar size, store the natural gas at the
exclusion of the formation water, On the other hand, the macmpores,
i.e., rhc natural fracture network, am larger openings in which the
formation water primirrily resides. However, they also constitute she
avenues through which the entrapped natural gas flows to the well in
art uns[imulatcd reservoir. Thus, the undcratanding of the fluid flow
dynamics in hit the micropores and macropores is art csacnust
ingredient in the development of an overalf picture of the producibility
of these formations.

TMs micro/maeropore structure calls for the use of a dual-
porosity, mtdti-mechanistic approach for the description of nimrral gas
transport in Uds type of pomua media. lltis approach assumes that the
natural gas fIow in this type of formation is effected by two
superimposed flow fields, namely a concentration gradient field and a
pressure gradient field. While the first mechanism is a diffusion
process, govemcd by Fick’s law of diffusion, the latter is a Darcian
mechanism. TM method of gas transport is a two-step process
whereby gas first flows as a result of a predominantly diffusion
process from the micmpores into the macmpores. Then, the
macmpores serve as the primary flowing channels for the water and
gas to flow towards the wellbore. Thus, while the flow in the
micropores is considered single-phase, the mtrtsport problcm in the
macropms could initially be described as single-phase water flow but
must soon revert to two-phase water/gas flow.

Available field data from the U.S. Department of Energy’s
Multiwell Experiment (MWX) provided the study arcs for this
investigation.3,4Three wells, between 110 and 215 tl. at measured
depth, have been drilled near Rifle, Colorado, through the Meaaverde
formation. Two of the wells, MWX-1 and MWX-2, penetrate the
Cozzettc blankc~.sandstone, which is the primary foetts of tlds study.
The Cozzette formation i.- comprised of two parts, the Upper Cozzette
and Lower Cozzcttc, Xh of wh]ch are unifosm and continuous
bctwccn the two WCIIS.As a matter of choice and also because of the
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vailabili~yof production and WCIItest data, the UppCr Coiizctlc sand
Init was chosen to illustra[c the attributes of the mul(i-mcchanis[ic
pproach when applied to tight formations.

kcription of the Model
The basis for the mathcmarical formulation of this problem using

he multi-mechanistic approach is dctincd by two potential ticlds,
Iamcly a pressure gradient field and a concentration gradient field.
Me basic psvmisc is that the pm space in tight formations is
ompriscd of a network of micropores and macroporcs. The
flicro~rcs arc said to be of rnolecuIar dimensions in diameter,
vhcreas tbc macroporcs arc much larger. It is further hypo[hcsizcd
hat the microporcs arc accessible only to gas, whereas the water
rimanly resides in the macroporcs. When a pressure gradient is
reposed upon this systcm dt.ic to the prcwncc of a production well,
hen water would flow through tbc macroporcs (i.e., the rmral
racme network) into the well, This process disturbs the previously
:xisting hydrodynamic equilibrium bctwccn the gas dissolved in the
valcr and the gas in the microporcs creating localized concentration
;radicnts. As a result of these localized conccmration gradients, gas is
Irivcn into the macroporcs by Fickiarr diffusion, Hcncc, in time
ubstarrtial quantities of lwth water and gas are pmduccd at the well.
Hds step-wise superposition of two flow fields upon onc ano(hcr
;cncra[cs an ovcml1 production mechanism which is referred to as
nulti-mcchanis[ic flow regime.

As mentioned earlier, the formulation of a mathematical model
o describe Ods multi-mechanistic flow entaifs the superposition of
~ckian and Darciart flow. The details of this model and its
~pplicationshave t-war well documented in earlier works by Sung and
:rlekins and Sung.b The equations governing the unsteady state flow
jf water and gas arc presented below.

[[1Sgpg &PeV. D8 — + 5.615 ~ vPtz
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l“oe relationship between tbc phase pressures is defined by capillary
pressure,

Pcgw (sS ) = Pg - Pw (3)

which is a function of gas saturation,

St = I,o-sw (4)

The systcm of partial differential equations (Eq. 1 and 2) with
the auxiliary relationships (Eq. 3 and 4) and the appropriate boundary
conditions and initial condition dctirrc a well-posed problem. The
tesulting system of non- linear equations fmm tinitc difference
approximations is linearized with the aid of a fully implicit gcncralizcd
Newton-Raphson iteration procedure. Entries to the Jacobian matrix
are supplied by numerical differentiation. Fhally, the resultingsystem
of equationsis solved by using a direct solver equipped with a block-
band algorithm.

Illustration of the Multi-Mechanistic Approach: Some Synthetic
Examples

To illustratethe importanceof the dual-mechanismapproachfor
predicting the producibility of tight (low-permeability) formations, a
sencs of simulations was conducted in which permeability was varied.

(2)

rhc nmgc of pcrmcabllity vahtcs investigated is such that it is
icscriptivc of both convcmional and unconventional formations. The
mulls of this study arc dcpictcd graphically in Flgurcs 1 through 5.

Figure I is a plot of the ratio of gas production ralc achieved
]sirrg the dual-mechanism approach to that using tbc singlc-
ncchwrism approach versus time: The results reveal that the
:ontribtnion of the dual-mechanism approach is most pronounced for
hc Iowcst pcnncability syslcm considcrvd (k = 0.001 red). hforvrwcr.
t higher permeatilitics (k > 0.1 red), the pmdtctcd production
Idvantagc of the dual- mechanism approach over the singlc-
ncchanism approach is minimal. However, as the formation
rcrmcability is rcduccd to 0,01 md, the contribution from the Fickian
low .componcnt becomes prevalent, about twice the production
nrdiction from the single-mcchwrism approach, This obscrva[ion is
:vcn more dramatic for the 0.001 md systcm, in which the relative
ncrcasc in production is more than 6 times. Furthermore, for
xxrncability rarrgcs normally cncountcrcd in conventional reservoirs
‘i.e., the 1 md systcm), the dwd-mechanism approach offers practically
lo increase in production over the convcmiorral single-mechanism
Ipproach.

Funhcr comparisons on the dual- and single-mccharrism
Ippmaches are provided in F@v 2. In tfis study, the ratio of
:umulative production achicvcd using the dual-mechanism approach to
hat using the single-mechanism approach is plotted versus the
ogarithm of various vahscs of permeability. The range of
rcrmcabilitics for which the dual- mechanism approach is a major
:ontnbutor 10 production, as well as that range for which it is not, is
:lcarly visible.

Since the previous investigations arc somewhat restricted in
crms of time, thereby possibly concealing any bcnctits realized using
he dual-mechanism approach, a sencs of simulations was performed
or longer periods of time. For comparative purposes, the cumulative
woduction real’md using the single- and dual-mechanism approaches
s plotted versus time. Also, as a pmduc.tion constraint, an
ibandonmcnt flow ratu of 30 MCF/DAY was assigned. As shown in
~gurc 3, the dual-mechanism contribution to ovcraU production is
nest pronounced for the lowest permeability systcm considered.
More importantly, however, is the fact that for the 0.001 md system,
he single-mechanism approach predicts only 5 days of production,
~hcrcaa the dual-rncchanism approach predicts production for the full
tear, never realizing tbc abimdonmcnt flow rate of 30 MCF/DAY.
USO,Figure 4 shows Lhatduring the early times of production in the
).01 md systcm approximately 70% of the total flow is due to sirrglc-
ncchanism flow, This contribution of Darcian flow Iatcr stabilizes
]mund 63%. FinalIy, as dcpictcd in Figure 5, for lhc 1 md systcm the
3cKlan.tlow mechanism contributes only slightly to ovcrafl
>mduction.

What these simulations illustrate is that for tight (low-
xxrrrcability) formations, the single-mechanism approach definitely
mdcr-predicts production, the dual-mechanism approach is of the
!sscncc in order to accurately dcscnbe the production characteristics
)f these fo-.ations. Furthermore, for the permcabilitics normally
mcotmtcrcd in conventional reservoirs, the duaf-mechanism approach
las no significant application.

Application of Multi-Mechanistic Fiow to the Upper Cozzette
Sand

Ncccssary for the dcvclopmcnt and tcs[ing of the multi.
mechanistic model, appropriate data must be first gathered and
analyzed. Such data of interest, include permeability, porosity, in-situ
water saturation, initial reservoir pressure, etc. These pwamctcrs
necessary for the accurate characterization of the Upper Cozzctte
blanket sand, am outJined in Table I?!4”7



Using this established set of reservoir and well pmrnctcrs, a
series of simulation runs were performed to “tune” the mulli-
rrtcchanistic model (permeability being the “tuning” parameter) to
actual production data from MWX-1, which was producing from the
formation of interest, the UpWr Cozzcttc blanket sand, during this
lime. Ahhough it is WC1ldocumented throughout the litcraturv that thh
fonms[ion is highly anisotropic in permeability, the Cozmttc was
initially assumed to be isotropic and homogeneous. In thk manner, the
resulting “best-match” permeability is an effective pcrrncabllity,
making possible comparisons with previous investigators’ work.3 As
shown in F]gure 6, the “best-match value of cffcctivc permeability
was dctcrrnincd to be approxima[cly 0.5 md, which is higher than that
range suggested in an earlier work (0.2 -0.3 md).3

The next step was to consider the known anisotmpic nature of
lhc systcm while once again attempting to history-match the achsaf
production data. Various ratios of k=/kYwhich generate gcomctnc
mean Pcmrcabi:itics of 0.25 md were tested. As depicted in F@urc 7,
the “best-matct” Pcnncabi[ity contrast was dctcrmirwd to be
kx/k, = 10, with k, = 0.8 md and kY= 0.08 md.

Considcrirrg the raticr limi[cd data that was used in the
aforcmcnlioncd model rcfmcmcnt procedure, it was dccidcd to test
lhcsc “tuned” pcnncabili[y vahscs by performing a scncs of simulation
runs altcmpdrtg to match actual intcrfcrcncc test data of rhc Upper
Coucttc formation. In these runs, the previously dctcrmincd vahscs of
permeability were chosen as a starting point. Furthermore, since
MWX-1 had been on production for some time prior to the
imcrfcrwrce tcsling, the reservoir pressure had dropped to
approximately 6024 psi; thus, this pressure was used in lieu of the
inilial reservoir pressure M given in Table 1. Also, in order to
accuratcly model the systcm’s anisotropic pcnncabllity dktnbution$
the rectangular grid systcm used in these simulation rims (Figure 8) is
such that the pnncipaf directions of pcrrncability coincide with the
axes of the coordinate systcm used, Since the actual interference test
data consists of as many as 6tXl individual measurements in a single
day, an exact simulation of the actual data was not considcmd. This
problcm was circumvented by averaging rhc data over a spccitic time
intcwal. For “matchh@’ purposes, MWX-1 tlow rate was used as
input data to the model, and the model’s prcdic[ion of MWX-1
bcmom-holepressure was compwcd to the actual MWX-I txrttom-hole
pressure.

As shown in Figure 9, rhc “best-match pcrsncability distribution
was dctcrmincd to be &./kY= 0.125 md/O.01 md, which is cquivrdent
10 a gcomctnc mean permeability of 0.035 md. Ttds value of
gcomctnc mean pcrrncability indicates that the dual-mechanism
approach is applicable to this system. Using this permeability
distribution, another simulation was conducted in which MWX-1
bottom-hole pressure was spccitlcd, thus effecting a match of the
actual flow rate data and a check of the validity of the just determined
pcrrncability distribution. As shown in Figure 10. the flow rate match
is consistent wi[h the previous pressure match. Again using the
“best-match pcnncability distribution, a single-mechanism (i.e.,
Darcian flow only) simulation run was conduc~d to see if Fickian
flow is indeed prevalent. The results, as shown in Figure 11, confirm
the contribution of the Fickian flow, since the single-mechanism
approach incorrectly predicts that the system would be depleted in
approximately 11.8 days. Also of importance is the pressure response
felt at the observation well, MWX-2. Figute 12 is a plot of both the
simulated and actuaf MWX-2 bottom-hole pnxsute for the “best-
matcti pcnncability distribution, as determined by the dual-
mcchanism approach. Tlscrc is good agmcmcnt between the actual
and simulated data, thereby frulhcr confirming the ‘lrmt-match
pcrmcabili[y distribution.

Knowing that the dual-mechanism “best-match permeability
distribution is not appropriate for a single-mechanism characterization
of tMs formation, it was dccidcd to once again match the actual data
(MWX-1 BHP) neglecting Fickian flow. As shown in Figure 13, the

“best-match” sir3glc- mcchrmism permeability dktribution was
dctcrmincd to be kz/kY= 0.14 md/O.01 md, which yields a geometric
mean pcrrncabili[y of 0.037 md. The purpose of tfds single-
mcchanism match is to gcrrcratc a comparison between cumtdative
productions prcdictcd using both the dual- and single-mechanism
approaches with theb respective “best-match permeability
distributions. In this manner, .it can be shown that an “adjusted”
singIe-mechanism approach (i.e., increasing permeability to account
for the Fickian contribution to the production scheme) cannot
accurately predict the productivity of Iow-pcnncab\lity formations. ‘J%e
accurate representation of the physics using the multi- mechanistic
approach is of the essence.

In order to bring into proper pcrspcctivc the inadequacy of the
strategy of adjusting permeability to match data, a scncs of simulation
runs were conducted using the appropriate permeability distributions,
thereby effecting a comparison of Utcpredictive capabilities of the two
appmachcs. The results of this study an? depicted graptdcally in
Figures 14 and 15 for two different sandface pressuse specifications.
The single-mcchsnism approach clearly under-predicts recovery, by
approximately 275 MMCF over a 10 year producing period for the
14.7 psia specification case (Figurt 14) and 2CMlMMCF for the
1000 psia case, even though the pcrmetillity distribution used had
been “tuned” to match the intcrfcrcnce test data.

CONCLUSIONS
It has been shown through a series of synthetic simulation runs

that, for the range of pcrmeabilities normalfy encountered in tight
(low-permeability) formations, the muhi-mechanistic approach is of
the essence in order to accurately prcdct the producibility of these
types of formations. Conventional simulators definitely under-predict
recovery. Also, results. have been presented fmm the investigation of
an actual low-pcnneabflity formation, the Cozzette blanket sand. fn
tits study, two approximate permeability distributions wese
detcrrnined, one for the single-mechanism approach and onc for the
duaf-mcchaniam approach, by matching actual interference test data,
Tbc two models wctc then ran for an extended period of time (10
years) in order to effect a comparison of their respective pti~cted
cumtdativc recoveries. The results reveal that the single-mechanism
approach under-predicts recovery by as much as 275 MMCF, even
though its permeability distribution was adjusted to account for
Fickian flow. Clearly, an appmpnate description of the fluid flow

~physics, as provided by the dual-mechanism approach, is necessary for
an accurate characterization of the productive capacity of tight
formations.

NOMENCLATURE

Bw = Water formation volume factor bbl/STB

Dt =

k =

Pg =

P. =

Pqw =

Sg =

s. =

q;. =

Microporc diffusion cocfficent ft%ay

Pcnncability md

Gas phase pressure psia

Water phase pressure psia

Capillary pressure bctwccn gas
and water phases psia

Gas saturation fraction

Water saturation fraction

Gas ffow rate .SCF/~ay
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, = Water tlcw rate Si-%k%y 3. Branagan, P., Cotncr, G,, and Lee, S. J.: “Intcrfcrcncc Testing of
the Na[urafly Fractured Corzcttc Sandstone:A Case Study at the

= Gas super compressibility factor fraclion DOE MWX Site,” paper SPE/DOE/GRI 12868 prcscnlcd at the
Unconventional Gas Rccovcry Symposium, Pittsburgh, PA (May

= Gas mobility md/cp 13-15, 1984).

= Wtslcrmc5ility md/cp 4. Multiwcll Experiment Project Group, Sandia National Laboratoncs
and CER Corporation: “Muhiwclf Expimcnt Final Report: L

= Divcrgcncc opmtor The Marine Intctval of the Mcsavertfc Formation: April, 1987.

= Gradient operator 5. Sung, W. and Ertckin, T.: “The Development, Testing and
Application of a Comprchcnsivc Coal Seam Degasification
Modcl,” paper SPE 15247 presented at the Unconventional Gas
Tcchrsology Symposium, Louisville, KY (May 18-21, 1986).
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TABLE 1

Reservoir and Well Parameters for the Upper Cozzette Blanket Sand

Formation height, ft 30

Formation pcrsity, fraction 0.069

Formation water saturation, fraction 0.40

Reservoir tcmpcraturc, “F 230

Gas viscosity, Cp 0.018

Initial reservoir pressure, psia 63(X)

Critical water saturation, fraction 0.25

Critical gas saturation, fraction 0.0

Relative permeability to gas at SW, fraction 1.0

Relative pcrmcabili[y to water at Scc, fraction 1.0

Wellbore radius, in 3.5

Depth of formation, ft 7855

Relative pcrmeakility relationships: cOtVY’S ModcI

Formation permeability, rnd “Tuning Parameter”
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